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ABSTRACT
We study the extent to which very bright (−23.0 < MUV < −21.75) Lyman-break selected galaxies
at redshifts z ≃ 7 display detectable Lyα emission. To explore this issue, we have obtained follow-up
optical spectroscopy of 9 z ≃ 7 galaxies from a parent sample of 24 z ≃ 7 galaxy candidates selected
from the 1.65 deg2 COSMOS-UltraVISTA and SXDS-UDS survey fields using the latest near-infrared
public survey data, and new ultra-deep Subaru z′-band imaging (which we also present and describe
in this paper). Our spectroscopy has yielded only one possible detection of Lyα at z = 7.168 with a
rest-frame equivalent width EW0 = 3.7
+1.7
−1.1 A˚. The relative weakness of this line, combined with our
failure to detect Lyα emission from the other spectroscopic targets allows us to place a new upper
limit on the prevalence of strong Lyα emission at these redshifts. For conservative calculation and
to facilitate comparison with previous studies at lower redshifts, we derive a 1-σ upper limit on the
fraction of UV-bright galaxies at z ≃ 7 that display EW0 > 50 A˚, which we estimate to be < 0.23.
This result may indicate a weak trend where the fraction of strong Lyα emitters ceases to rise, and
possibly falls between z ≃ 6 and z ≃ 7. Our results also leave open the possibility that strong Lyα may
still be more prevalent in the brightest galaxies in the reionization era than their fainter counterparts.
A larger spectroscopic sample of galaxies is required to derive a more reliable constraint on the neutral
hydrogen fraction at z ∼ 7 based on the Lyα fraction in the bright galaxies.
Subject headings: cosmology: observations – cosmology: reionization – galaxies: high-redshift – galax-
ies: evolution
1. INTRODUCTION
Understanding the epoch of cosmological reionization
has been a key challenge in modern observational cos-
mology. The Gunn-Peterson test with spectra of high-
redshift (high-z) quasars is an observational tool for de-
tecting the reionization epoch, and suggests that the
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intergalactic medium (IGM) was reionized at z > 6
(Fan et al. 2006). There is also observational evidence
that neutral hydrogen still remains in the IGM of the uni-
verse at z ∼ 6, e.g., studies with quasars (Becker et al.
2015) and with gamma-ray bursts (GRBs) (Totani et al.
2014; Hartoog et al. 2015). Recent analysis of the cos-
mic microwave background (CMB) indicated the red-
shift of the cosmic reionization of ∼ 8.8 by Planck
(Planck Collaboration 2015).
Galaxies associated with Lyα emission, i.e., Lyman-
α emitters (LAEs) are also valuable probes to infer
the neutral hydrogen (H i) fraction xHI of the IGM.
McQuinn et al. (2007) suggested the effectiveness of this
concept from a theoretical viewpoint. Observational
studies indicated that the luminosity functions (LFs)
of the Lyman-break galaxies (LBGs) show a mono-
tonic decline in number density at z = 3 to z =
7 (McLure et al. 2013; Bowler et al. 2012, 2014, 2015;
Bouwens et al. 2015). In contrast, the LFs of LAEs show
little change at z = 3 − 6, implying an increasing frac-
tion of LAEs relative to LBGs with increasing redshift; in
turn, they show a significant decline at z > 6 in the num-
ber density, e.g., Konno et al. (2014) who presented a
clear decrease in the Lyα LF at z = 7.3 from the z = 6.6.
This rapid decline in the Lyα LF can be attributed to a
change in xHI at z > 6. The neutral hydrogen in the IGM
could decrease observed Lyα photons from star-forming
galaxies by resonant scattering(Kobayashi et al. 2010).
Ouchi et al. (2010) suggested an increase in the H i frac-
tion from z = 5.7 to z = 6.5 and the estimated xHI is 0.22
at z = 6.5. They suggested possible cosmic variance in
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the number density of LAEs across a ∼ 1 sq.degree area
by a factor of 2 to 10 depending on their NB921 mag-
nitudes. Kashikawa et al. (2011) inferred xHI = 0.38 at
z = 6.5 from a different data set, suggesting existence of
the cosmic variance in xHI with a possible patchy reion-
ization process in the universe.
A caveat in investigating reionization with the LFs of
galaxies is that the LFs are likely to be influenced by
galaxy evolution. In contrast, the Lyα fraction, i.e., the
fraction of galaxies exhibiting strong Lyα emission of the
total LBGs, has an advantage in that it should be less
affected by galaxy evolution, especially in terms of the
number density, than the Lyα LFs, which require com-
parison with the UV LFs (Stark et al. 2010). In addi-
tion, star formation activity and dust/metal content of
galaxies which contribute to the equivalent width (EW)
of Lyα, do not change rapidly even at z = 7−8 compared
to those at lower redshifts (Dunlop et al. 2013).
The Lyα fraction at each redshift has been stud-
ied intensively to yield a complementary information to
the cosmic reionization process (Stark et al. 2010, 2011;
Pentericci et al. 2011; Ono et al. 2012; Curtis-Lake et al.
2012; Treu et al. 2013; Tilvi et al. 2014; Caruana et al.
2014; Cassata et al. 2015). The studies by Stark et al.
(2010) and Ono et al. (2012) suggested that the Lyα frac-
tion of LBGs drops significantly from z = 6 to z = 7 in
contrast to its monotonic increase at z = 4 − 6. Their
faint sample showed a more rapid decline than the bright
sample. Tilvi et al. (2014) also studied the Lyα frac-
tion at z ∼> 7 and discussed the decline in Lyα frac-
tion at z ∼> 7.5 with the possibility of witnessing the
ongoing cosmic reionization process at z ∼ 7 − 8. A
recent study with Hubble Space Telescope (HST) slit-
less spectroscopy targeting gravitationally lensed clusters
of galaxies (GLASS) also indicated that the number of
LAEs at z ∼ 7 with respect to that of the LBGs is con-
sistent with a lower probability of Lyα emission at z
∼
> 7
than at z ∼ 6 (Schmidt et al. 2016).
While the relative number of LAEs is an effective tracer
of the cosmic reionization state, a fair application would
require consideration of several factors that may affect
the observable Lyα emission from high-z galaxies. The
strength of Lyα emitted from galaxies may be affected
by a combination of physical properties of galaxies and
the transmission of the IGM along the lines of sight.
Stark et al. (2010) discussed the importance of the cou-
pled effects by internal dust extinction and the geome-
try and kinematics of H i gas surrounding a galaxy, to
determine the net Lyα photons that can escape from
the galaxy. LBGs with low luminosities tend to have
low metallicity or dust extinction, leading to a bluer
UV color (Bouwens et al. 2014; Bowler et al. 2015) and
likely association of strong Lyα emission. This may intro-
duce a possible luminosity dependence of the Lyα frac-
tion, as suggested in previous studies (Stark et al. 2011;
Ono et al. 2012). Steidel et al. (2010) discussed a similar
trend in the stellar mass dependence on the strong Lyα
emission.
Observational studies suggested that LBGs with
high UV luminosities tend to show a deficit in
strong Lyα emission (Ando et al. 2006; Shimasaku et al.
2006). Based on spectroscopic observations of LBGs,
Stark et al. (2011) reported that the Lyα fraction of
LBGs with low UV luminosities is higher than that of
those with high luminosities at z = 3 − 6. In addi-
tion, the Lyα fraction (EW > 25 A˚) rises as redshift
increases over z = 4 − 6. Cassata et al. (2015) sup-
ported this trend at z < 5 based on a spectroscopic sur-
vey of galaxies in the VIMOS-VLT Deep Survey (VVDS)
sample. Curtis-Lake et al. (2012) reported the same in-
crease in Lyα fraction (EW > 25 A˚) from z = 5 to 6
at bright magnitudes (L > 2L∗). Recent spectroscopic
studies have also reported detection of Lyα in a few
sources in a similar luminosity range (Oesch et al. 2015;
Roberts-Borsani et al. 2015; Zitrin et al. 2015).
The redshift above ∼ 7 is an important epoch to un-
derstand the progression of reionization. In particu-
lar, it is of interest to investigate even brighter objects
(MUV < −21.75), i.e., in environments in very massive
dark matter halos. Such massive halos are thought to
evolve and form galaxies with strong clustering in an
earlier epoch, and so are likely to host larger amounts
of ionizing sources than less massive halos. Therefore,
it is expected that reionization would progress earlier in
the environments around the massive dark matter halos
than in other regions. However, despite intensive ob-
servational studies of the Lyα fraction at z > 6, only
small numbers of the LBGs at z ∼> 7 are available. Pri-
marily due to limitations in the surveyed area and as
brighter galaxies are rarer, very little is known about the
LBGs with very bright magnitudes. Previous studies on
the Lyα fraction were conducted only at UV magnitudes
fainter than −21.75. Thus, new deep and wide imag-
ing and spectroscopic observations are indispensable to
extend our knowledge of the bright magnitude regime.
Focusing on such UV-bright LBGs is also an effective ap-
proach that facilitates follow-up spectroscopy and allows
determination of a reliable Lyα fraction at high redshifts.
We have undertaken a new survey program to cover
an unprecedentedly wide area by a deep imaging survey
to detect UV-bright LBGs, followed by spectroscopic ob-
servation of some of the high-z candidate galaxies. In
this study, with the new spectroscopic sample from our
survey program, we examine the Lyα fraction of LBGs
at z = 7 for very bright magnitudes. We also discuss the
cosmic reionization at redshift 7, providing a new con-
straint on the cosmic neutral H i fraction. In Section 2,
we summarize the observations and data reduction in
our z′-band imaging survey program, and explain the
method of target selection for LBG candidates at z = 7.
Section 3 describes the follow-up spectroscopy and prop-
erties of the spectroscopic sample. The Lyα EW of our
UV-bright galaxy sample is described in Section 4. We
discuss the Lyα fraction of LBGs in Section 5, and its im-
plications and interpretation regarding the state of the
cosmic reionization in Section 6. Finally, conclusions are
presented in Section 7. Throughout the paper, we use the
AB magnitude system (Oke & Gunn 1983), and assume
a flat universe with (Ωm,ΩΛ, h) = (0.3, 0.7, 0.7).
2. IMAGING OBSERVATIONS, DATA, AND TARGET
SELECTION
This paper aims to study the Lyα fraction based on
LBG candidates at z = 7 in the two common fields,
COSMOS/UltraVISTA and SXDS/UKIDSS-UDS (here-
after, UltraVISTA and UDS, respectively). These two
survey fields represent a unique and powerful combina-
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tion for studies on high-z galaxies, where extensive multi-
wavelength surveys at various facilities have been per-
formed. In particular, the two ground-based deep near-
infrared (NIR) surveys UltraVISTA (McCracken et al.
2012) and UKIDSS-UDS (Lawrence et al. 2007) provide
an unprecedentedly wide and deep data set over an area
of 1.65 sq.degree, making the two fields the most suitable
for searches of bright LBGs at z = 7.
Initially, however, only relatively shallow optical data
sets were available in these fields, especially in the z′
band, which is crucial for detecting the dropout feature
of the Lyman-break of the z = 7 galaxies, e.g., COS-
MOS imaging (Capak et al. 2007) by the Subaru Tele-
scope covering the UltraVISTA field in the B, g′, V, r′, i′
and z′ bands, with z′ = 25.1 (5 σ, 3-arcsec aperture),
and the Subaru/XMM-Newton Deep Survey (SXDS)
(Furusawa et al. 2008) located at the UDS field in the
B, V,Rc, i
′, and z′ bands to a depth of z′ ∼ 26 (5 σ, 2-
arcsec aperture). This situation motivated us to under-
take a new observational campaign of ultra-deep imaging
in the z′ band in the two fields.
We use a combined sample of the LBGs presented pre-
viously by Bowler et al. (2012, 2014), and a small addi-
tion to this work in the UDS field as described below.
In the following sections, we first present an overview of
the entire z′-band imaging campaign and data reduction.
Then, construction of the sample of LBGs in each field
is explained.
2.1. Suprime-Cam z′-band Data
2.1.1. Observations
The deep imaging observations in the z′ band were con-
ducted with Suprime-Cam (Miyazaki et al. 2002) using
the 8.2 m Subaru Telescope, which uses fully depleted
CCDs that were introduced in 2008 August. Our survey
plan was designed to cover the two target fields Ultra-
VISTA and UDS (∼ 2 sq.degree) with eight pointings
of Suprime-Cam, the field of view of which is 34 × 27
sq.arcmin. Figure 1 summarizes this pointing strategy.
Each pointing was planned to be integrated by 20 hours,
divided into shorter exposures. The observing times were
awarded as an open-use Subaru intensive program (PI:
Furusawa; S08B-051). Originally, 20 nights were allo-
cated over three semesters from 2008 October to 2009
November. To compensate for low completion rate due
to poor weather conditions, etc., another 16 nights were
added by a regular open-use program and the observa-
tory’s discretionary time. Final exposure times in each
pointing, which are merged into the stacked images are
19.6, 18.3, 18.7, and 20.8 hours for the UltraVISTA field,
and 11.7, 16.2, 11.7, and 15.5 hours for the UDS field.
The z′-band data obtained in this campaign are summa-
rized in Table 1.
2.1.2. Data Reduction
Data reduction of the z′-band data performed to gen-
erate mosaic-stacked images from raw CCD images, fol-
lowing the procedure described in Furusawa et al. (2008).
The SDFRED2 software (Yagi et al. 2002; Ouchi et al.
2004) provided by the observatory was used. Small fluc-
tuations due to cross-talk between amplifiers of the CCD
were corrected (Yagi 2012) for the UDS field data. The
full width half-maximums (FWHMs) of the point spread
function (PSF) of the stacked images before any con-
volution or transformation are 0.76, 0.84, 0.70, and 0.82
arcsec for the UltraVISTA field, and 0.75, 0.81, 0.78, and
0.81 arcsec for the UDS field.
The celestial coordinates of the stacked images were
calibrated with the USNO-B1.0 catalog (Monet et al.
2003), using SExtractor and SCAMP14 . The resultant
residuals of the determined coordinates from the USNO-
B1.0 catalog coordinates are on the order of 0.5 to 0.8
arcsec rms. This accuracy is good enough to perform
image warping in Section 2.3.
Magnitude zero points of the stacked images were de-
termined with a standard star GD71 (z′ = 14.03). The
estimated depths in the z′ band are 26.6, 26.5, 26.5, and
26.8 (5 σ, 2-arcsec aperture) for the UltraVISTA field,
and 26.3, 26.6, 26,6, and 26.6 for the UDS field. This
data set is the deepest ever achieved in the z′ band cov-
ering the entire two deep fields (∼ 2 sq.degree).
2.2. Sample Selection in UltraVISTA Field
Sample selection of z = 7 galaxies in the UltraVISTA
field (RA 10h00m28.s00, Dec. +02◦12
′
30
′′
, J2000) was
performed by Bowler et al. (2014), in an update to their
initial work (Bowler et al. 2012). In the field, the UltraV-
ISTA DR2 provides NIR photometry in the Y, J,H , and
Ks bands (J = 25.3 in ultradeep strips; 5 σ, 1.8-arcsec
aperture) over a field of 0.91 sq.degree e.g., Figure 1 in
Bowler et al. (2014). They combined the UltraVISTA-
DR2 data with the multi-waveband data including the
CFHTLS data in the u∗, g, r, i, z′ bands (z = 25.2; 5σ, 2-
arcsec aperture), and the final z′-band data set (Table 1)
provided by our imaging campaign.
The high-z candidates were selected based on a pho-
tometric redshift (zphot) analysis applied to the sources
detected in the J or Y + J band under conditions with
no detection in the i or bluer bands. The resultant
z = 7 LBG sample in the UltraVISTA field contained
19 candidates with zphot > 6.5, including 13 sources at
zphot > 6.75.
2.3. Sample Selection in UDS Field
The UDS-DR10 data (Omar Almaini, private commu-
nication) covers an area of 0.74 sq.degree centered on
the UDS field (RA 02h17m48s, Dec. −05◦05
′
57
′′
, J2000)
to depths of J = 25.5, H = 24.9, and K = 25.1 (5 σ,
2-arcsec aperture). Bowler et al. (2014) performed selec-
tion of z = 7 LBGs in the UDS field with photometric
redshift analysis using the multi-waveband data set in-
cluding the NIR UDS (J,H , and K) data and the optical
SXDS (B, V,Rc, i
′, and z′) data. The data set also in-
cluded the z′-band data in our imaging campaign. How-
ever, the z′-band data were of interim status, which con-
sisted of 11.1, 16.2, 11.2, and 15.5 hours slightly shallower
in the UDS1 and UDS3 than the final data set listed in
Table 1. Additional z′-band data have been obtained
since their study.
Their LBG sample in the UDS field included only
two candidates with zphot > 6.5 in contrast to the Ul-
traVISTA field. This relatively small number of high-
z candidates in the UDS field may have been due to
their requirement of significant detection in the Y band
14 http://www.astromatic.net
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to avoid contamination by severe cross-talk from the
UKIRT/WFCAM, which is only applied to the UDS
field. To add as many z = 7 candidates to their LBG
sample in this field as possible, in this study we used
the combined data of the UDS-DR10, the SXDS, and
the updated z′-band data set with the final depths (Ta-
ble 1). Moreover, we applied a different sample selection
to the data from that adopted in Bowler et al. (2014).
Our additional sample selection procedure is described
below.
2.3.1. Additional Sample Selection in UDS Field
We transformed the z′-band stacked images in the UDS
field onto the same pixel coordinates as those of the J-
band image. The images in the z′ to K bands were con-
volved with a single Gaussian smoothing kernel to have
the same FWHMs (0.83 arcsec) of the PSF as the J-band
images.
On the z′, J,H,K images, we ran SExtractor (ver.
2.19.5) in double-image mode, with detection on the
J-band image, to generate J-band detected multi-
waveband catalogs (J ≤ 25.5; 5 σ, 2-arcsec aperture),
separately for each of the four pointings. We also re-
moved sources located at pixels that were affected by
low signal-to-noise ratio (S/N) around the image edges,
strong blooming, and strong halos of bright stars.
We applied the following condition to the magnitude-
limited sample of galaxies: (1) z′−J > 2.5, (2) J −K >
−0.5, and (3) complete dropout in all of the B, V,Rc
and i′ bands. The first condition involves selection of
the Lyman-break, which together with the second condi-
tion minimizes contamination by galactic LT-dwarf stars.
The third condition is to reduce contamination by lower-
redshift galaxies. The resultant intermediate catalogs
that satisfied the above conditions included 659, 757, 725,
and 700 sources in each pointing, respectively.
To remove false sources due to severe cross-talk on the
J,H,K images, we visually inspected every candidate
source in the intermediate catalogs by eye, instead of
requiring detection in the Y band. The false signals due
to cross-talk appeared at positions of 191 pixels and/or
its multiples from bright root signals in either the x- or
y-axis, in each of the J,H,K bands. These locations of
cross-talk signals are inherited from the characteristics
of the read-out electronics of UKIRT/WFCAM. If the
candidate is an artifact of cross-talk, there must be a
root signal that causes a series of cross-talk located at one
of the positions of the multiples of 191 pixels from the
candidate. Importantly, a series of false signals decays
monotonically with distance from the root signal, and
also does not go beyond the quadrant area where the root
signal is located. Therefore, for every candidate source,
we inspected 24 locations with distances of 191 and 282
pixels from the candidate on the x- and y-axes and grid
points according to their combinations. In cases where
there is any possible false signal at these locations, we
excluded the candidate source as it is likely to be a false
signal.
We finally selected three new candidates of galaxies
at z ∼ 7 in the UDS field, which are listed in Ta-
ble 2. Figure 2 shows postage stamp images of the three
sources. The three candidates, FH2-22303, FH2-48620,
and FH4-42903, have bright J magnitudes (24.3, 25.4,
25.3; 2-arcsec aperture), or rest-frame UV magnitudes
of −22.6, −21.8, and −21.2, respectively. Photometric
redshifts were derived using data from all of the broad
bands from B toK bands based on the same method em-
ployed in Furusawa et al. (2011). The resultant zphot are
7.05+0.08
−0.06, 6.86
+0.13
−0.17, and 6.87
+0.15
−0.17 for FH2-22303, FH2-
48620, and FH2-42903, respectively, supporting the high
redshifts z ∼ 7 of the candidate galaxies. The associ-
ated errors correspond to their 68% confidence levels.
The best-fit spectral energy distributions (SEDs) for the
three sources are shown in Figure 3. The first two sources
(FH2-22303 and FH2-48620) are brighter than all z = 7
galaxies studied to date by spectroscopy for the Lyα frac-
tion (Cassata et al. 2011, 2015; Ono et al. 2012), if con-
firmed at z = 7. We confirmed that the number density
of the combined data set (−23 < MUV < −22) of the
sample by Bowler et al. (2014) and the new 3 sources
∼ (1 ± 0.4) × 10−6mag−1Mpc−3, is consistent with the
UV LF presented by Bowler et al. (2014).
2.4. Final Photometric Sample of the z = 7 Candidates
We selected a total of 24 photometric sample of galax-
ies at z > 6.5. The sample consists of 19 galaxies in
the UltraVISTA field, 2 in the UDS field presented by
Bowler et al. (2014), and the 3 new galaxies in the UDS
field added in this study.
Of the 24 LBG candidates at z = 7, 18 galaxies have
very bright UV magnitudes ofMUV < −21.75 (14 galax-
ies in the UltraVISTA, and 4 in the UDS fields). As dis-
cussed in Section 3, nine galaxies are spectroscopically
followed up in this study, and seven of these belong to
the very bright magnitude range.
3. FOLLOW-UP SPECTROSCOPY
3.1. Observations, Data, and Analysis
We conducted spectroscopic observations of nine
sources of the 24 z = 7 candidate galaxies selected in the
previous section. These targets were chosen to include
the four high-priority sources in the UltraVISTA field,
which were qualified as ‘robust’ in Bowler et al. (2012),
and all the five sources in the UDS field. The ‘robust’
targets were categorized based on results of zphot analysis
that did not accept either galactic stars or low-z dusty
galaxies in Bowler et al. (2012). A summary of the target
sources is shown in Table 3. The IDs of all the sources
presented in Bowler et al. (2014) are taken from Table 2
of Bowler et al. (2014) with the prefix ‘B14-’, contain-
ing four sources in the UltraVISTA field and two in the
UDS field. The three sources with the prefix ’FH’ are
the sources in the UDS field added in this study. The
observations were performed on the four nights of 2013
March 5 and 6 and 2014 October 24 and 25, in multi-
object spectroscopy (MOS) mode with Subaru/FOCAS
(Kashikawa et al. 2002). The VPH900 grism combined
with the OH58 order-sort filter was employed, covering
a wavelength range of 7,500 to 10,450 A˚ giving a spec-
tral resolution of R ∼ 1, 500 (0.74A˚ pixel−1) with a slit
width of 0.8 arcsec. This combination has the high-
est throughput at the target wavelengths among the 8-
m class telescopes, especially at around ∼ 1µm, and is
therefore highly suitable for the follow-up spectroscopy
of Lyα emission at z = 7. Each MOS mask has a sin-
gle target source at z ∼ 7. The integrated times of 1.3
to 6 hours are devoted to each source (Table 3), being
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split into individual exposures of 1,200 s, with a dither-
ing width of 1.0 arcsec in the spatial direction between
exposures.
Data analysis was performed in a regular manner us-
ing the standard pipeline FOCASRED and MOSRED,
implemented based on IRAF and provided by the obser-
vatory. The raw spectrum data were first bias-subtracted
and flatfielded by domeflat data. The pixel areas of tar-
get spectra were extracted by applying distortion correc-
tion based on a predefined pattern. Then, wavelengths
were calibrated based on night sky OH emission lines
embedded in the 2D spectra, and sky background was
subtracted from the 2D spectra. The reduced 2D spec-
tra of individual exposures were shifted in the spatial
direction by the dithering width and combined by taking
median with 3-σ clipping of outlying pixels.
Flux calibration was performed on the stacked 2D
spectra using spectrophotometric standard stars GD153,
G191B2B, and Feige110, with IRAF tasks ‘standard’,
‘sensfunc’, ‘fluxcalib’, and ‘extinction’. With these tasks,
the atmospheric extinction was corrected assuming the
atmospheric attenuation as a function of wavelength at
Maunakea, which was measured by CFHT. This proce-
dure also removed features of the flatfield as a function
of wavelength. The overall fitting error was ∼ 2% rms
in this calibration, which is good enough for the follow-
ing discussion. We determined a spatial range of the
source on the calibrated 2D spectrum using the IRAF
task ‘prows’, and extracted a 1D spectrum by summing
fluxes within a spatial range of 6 pixels or 1.2 arcsec cen-
tered at the flux peak.
The effects of slit-loss on the measured fluxes of each
source were corrected by estimating the missing fluxes
based on the seeing size during the spectroscopic ob-
servations and the intrinsic sizes of the sources on the
J-band images. The estimated slit-loss fractions ranged
from 0.23 to 0.31.
3.2. Upper Limit of Lyα Fluxes
Only a source B14-065666 displays a possible Lyα
emission at z ∼ 7, while the other eight sources showed
no convincing emission line features to the S/N level of
3, i.e., no detection of Lyα. Figure 4 shows the 2D and
1D spectra of the B14-065666 at around wavelengths in-
cluding the emission line profile. It was confirmed that
the line is detected in each of 2D spectra generated sep-
arately for different dither positions, and spatial posi-
tions of the line are consistent with the dithering pat-
tern. Only a single line feature is detected in the source
B14-065666. This suggests that the line is unlikely to
be Hα λ6563A˚, as [NII]λλ6548,6584A˚(S/N∼< 2) lines are
not visible within the covered wavelength range on the
spectrum. In addition, the red color of z′ − J ∼ 2.9
cannot be explained by ordinary galaxy SEDs. This line
is unlikely to be the [OIII], because the doublet lines
[OIII]λλ4959,5007 ∼ 95 A˚ apart could be resolved as-
suming line ratio∼ 0.4 in the areas that are free from
the OH emission, although the S/N (∼> 2) is not suffi-
ciently large. In addition, the red z′ − J color cannot
be explained due to lack of any break feature around
the wavelength range. The [OII] line in this case was
located out of the wavelength coverage and could not be
detected. The likelihood of the [OII] is also small, as
the double lines [OII]λλ3727,3729A˚ (5.3A˚ apart in the
observer’s frame) should be resolved, although the S/N
may not be sufficiently large assuming line ratio ∼ 1 near
an OH emission band. Nonetheless, the photometric red-
shift of 7.04+0.16
−0.11(Bowler et al. 2014) and the red z
′ − J
color of the source could exclude being a lower-z galaxy
at z = 1.67.
The property of the possible Lyα emission was mea-
sured on the 1D spectrum of B14-065666. By profile
fitting with the Gaussian function by the IRAF task
‘splot’, the line profile is centered at 9, 932.7 A˚, which
corresponds to a redshift of 7.168 for Lyα. This spec-
troscopic redshift agrees with the zphot estimated by
Bowler et al. (2014). The measured Lyα flux density is
(4.4 ± 0.8) × 10−18 erg s−1 cm−2 (S/N of 5.5), and the
Lyα luminosity was LLyα = (2.6±0.5)×10
42 erg s−1 (Ta-
ble 3). Here, the flux error was estimated by fluctuation
of sky background counts over the wavelength range of
the 2D spectra where the line profile is located, avoiding
the severe OH skylines. This luminosity is fainter than
L∗(Lyα) of the Lyα LF in the redshift range by a factor
of ∼ 2 (Ouchi et al. 2010) to 11 (Matthee et al. 2015).
As the other eight sources did not show any possi-
ble emission lines, we studied noise statistics of their
2D spectra to estimate the observational upper limits
of their Lyα fluxes. To measure the noise fluctuation,
we sampled about 500 locations on the 2D spectra in the
wavelength range corresponding to Lyα at z = 6.75 to
7.25 for five sources, including both regions free from and
affected by the OH skylines. Each sampling area covered
a rectangular area of 1 arcsec in the spatial direction and
a width of 25A˚ in the wavelength direction, as a typical
Lyα observed line width. For the other three sources
(B14-169850, B14-035314, B14-118717), zphot of which
are below 6.75 (Bowler et al. 2014), we chose the sam-
pling wavelength range to cover the redshifts spanning
zphot ± 0.25. This range corresponds to the maximum
1-σ zphot error of all the photometric sample galaxies as
a conservative choice.
The histogram of the measured counts was fitted by
the Gaussian function and the 1-σ error was estimated
for each candidate source in the same manner as adopted
in Ono et al. (2012). We calculated the 3-σ upper limits
of the Lyα flux density, which are also shown in Table 3.
3.3. EW Upper Limit
We derived the upper limit of the Lyα flux EW for our
candidate sources based on the UV luminosities and the
3-σ upper limit of the Lyα flux determined in the previ-
ous section. The EW upper limit in the observer’s frame
(EWobs) is converted to that in the rest-frame (EW0) on
the assumption of z = 7, except the source of B14-065666
(z = 7.168). The estimated upper limits of EW0 range
from 1.8 to 10.7 A˚, which are shown in Table 3. The
UV magnitudes were calculated from the J-band magni-
tudes derived from MAG AUTO and assuming a flat spec-
trum of galaxies located at z = 7. For the only source
B14-065666 exhibiting a possible Lyα emission line, the
line flux was converted to EW0 using a UV magnitude
of −22.3 as a continuum flux, assuming redshift of 7.168.
The resultant EW0 is 3.7
+1.7
−1.1 A˚, which is consistent with
the tendency for UV-bright galaxies to have small EW0
even in this very bright magnitude range (< −21.75).
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4. EW OF UV VERY BRIGHT GALAXIES
The relations between Lyα EW0 and UV magnitudes
of galaxies in different redshift bins are shown in Fig-
ure 5. Our data are compared with previous studies,
which provide the following results.
First, in panels (a)–(c) for z < 6.62, the galaxy sam-
ple by Cassata et al. (2011) includes galaxies with very
bright magnitudes (MUV < −21.75). However, only a
few galaxies show very small EW0 of Lyα emission in
this magnitude range.
Second, in panels (c) and (d), our data are shown with
the upper limits to the EW0(Lyα), which provide a new
galaxy sample to the very bright magnitude range at
z ∼ 7. These galaxies are associated with very small
EW0 of < 10 A˚. Our data suggest the existence of a
considerable fraction of galaxies with low EW0(Lyα) at
z ∼ 7 at the brightest UV magnitudes (< −21.75) stud-
ied to date; only a source with EW0 > 30 A˚ at z = 7
in this magnitude range was reported (Ono et al. 2012)
prior to this study.
In panel (c) z = 4.55 − 6.62, the data points by
Cassata et al. (2011) seem to be located at systemati-
cally higher EW0 than our data. However, their data
points at MUV < −21.75 in panel (c) should be at
z < 5.96 based on their EW (540 to 1250A˚) in the ob-
server’s frame. In addition, with an independent sam-
ple based on photometric redshifts, Cassata et al. (2015)
indicated that 80% of bright galaxies (M < M∗) at
z = 4.5 − 6 have small EW0 of < 30 A˚, including galax-
ies with very small EW0 (< 10 A˚). Therefore, there
should be no marked difference in the relation of EW0
and UV magnitudes at z > 6 between the previous stud-
ies (Cassata et al. 2011, 2015) and this study.
Finally, panel (e) compares our results for the LBG
candidates with those on the narrow-band selected LAEs
in a previous study that surveyed a ∼ 0.25 sq.degree field
(Kashikawa et al. 2011). Our UV-selected galaxies show
lower EW0 than the LAEs in the same redshift range.
5. LYα FRACTION OF UV VERY BRIGHT GALAXIES
We aim to obtain a new constraint on the Lyα fraction
for the very bright magnitude range at z = 7, which is
studied here for the first time. The new result should
be complementary to previous results at fainter magni-
tudes to understand a luminosity dependence of the Lyα
fraction.
To derive our results according to the same formal-
ism as adopted in previous studies (Stark et al. 2010;
Ono et al. 2012; Cassata et al. 2015), we use the fraction
of galaxies with a rest-frame Lyα EW0 larger than 50A˚,
X50Lyα. Previous studies discussed X
50
Lyα in the two mag-
nitude ranges (bright: −21.75 < MUV < −20.25, and
faint: −20.25 < MUV < −18.75). As seven sources of
our nine sample galaxies are brighter (Table 3) than the
above bright magnitude range, we introduce a new mag-
nitude range of ‘very bright’ (−23.0 < MUV < −21.75).
We chose the threshold EW0 of 50A˚, as the X
50
Lyα in the
bright magnitudes (M < −21.75) at z ∼< 6 presented by
Stark et al. (2010) is only the previous result that can
be directly compared with our data at z = 7. It is es-
sential to compare our Lyα fraction at z = 7 with those
at lower redshifts to discuss a change in the Lyα fraction
and progress in the reionization at these epochs.
We estimated the X50Lyα as follows. First, the seven
sources with UV magnitudes spanning from −22.7 to
−21.8 (< −21.75) were selected. Then, weights for
each source were derived by the inverse of detection
completeness of each source as a function of brightness.
The derived weighted numbers were summed, yielding a
weighted total number of sample galaxies of 7.94 for all
seven sources. Finally, as none of the sample galaxies
show Lyα emission with EW0 > 50 A˚, we estimated up-
per limit of the Lyα fraction. Here, as an upper limit
of the number of sources, we adopted a 1-σ upper con-
fidence level (1.84) for the observed count zero based
on the Poisson distribution (Gehrels 1986). The X50Lyα
were estimated by dividing this upper limit 1.84 by the
weighted total number of sample galaxies 7.94.
In this procedure, the completeness values for the four
sources in the UltraVISTA field and one in the UDS field
were taken from Bowler et al. (2014). We conducted a
Monte Carlo simulation to determine the completeness
of the other sources in the UDS fields (Section 2.3.1).
Each simulation was performed by adding 1,000 artifi-
cial point sources with known magnitudes at random po-
sitions on the J-band image, and detecting them again.
The completeness was calculated as the fraction of recov-
ered sources among the input sources. The simulations
were repeated 20 times and the completeness of each sim-
ulation was averaged to determine the effective complete-
ness. We confirmed that the completeness values from
Bowler et al. (2014) and this study are consistent and the
possible uncertainty if any should not change the follow-
ing discussion. We did not correct for an effect of the OH
skylines on detection of the Lyα emission assuming the
finding by Ono et al. (2012). Their simulation showed
that over 90% of simulated Lyα lines were recovered and
the effect could be ignored at the same wavelengths as
those in this study. Moreover, even if B14-065666 were
not a true Lyα detection, the following results on Lyα
fraction would not be changed.
Figure 6 shows changes in the Lyα fraction (EW0 ∼>
50 A˚) over z = 3− 7 in the three different UV magnitude
ranges: (a) faint (−20.25 < MUV < −18.75), (b) bright
(−21.75 < MUV < −20.25), and (c) very bright (−23 <
MUV < −21.75). Our data provide upper limits to the
X50Lyα at z = 7 in the very bright range for the first time.
The following findings are obtained.
First, in the (c) very bright magnitude range, our data
point at z = 7 possibly implies that the Lyα fraction at
z = 7 remains at a similar fraction or lower than that
at z = 6, although the data points have large errors. In
the same panel, the data points derived from Stark et al.
(2010) may support a rapid increase in X50Lyα from z =
3.5 to z = 6. Ono et al. (2012) suggested that the Lyα
fraction shows a significant decline at z = 7 from z = 6,
which is also seen in panels (a) and (b) at the fainter
magnitudes. Our results are consistent with this finding
even in the very bright magnitude range.
Second, in comparison between panels (b) and (c),
our upper limit may indicate a weak trend of the Lyα
fraction in the very bright magnitude range (−23 <
MUV < −21.75) at z = 7 consistently being at a sim-
ilar level to that at fainter magnitudes. The possibility
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of a slightly higher Lyα fraction at z = 7 in the (c) very
bright range than in the (b) bright range also cannot
be excluded. This result seems to extend the relation
at z ∼ 4.5 − 6 (Stark et al. 2010) where the Lyα frac-
tion at very bright magnitudes (MUV ∼ −22) is at the
same level or slightly higher than that of fainter mag-
nitudes (−21.75 < MUV < −20.75). A similar trend
was suggested by Curtis-Lake et al. (2012) in their bright
magnitude range (L > 2L∗) at z ∼ 6. They suggested
that the Lyα fraction for the bright sample may be sig-
nificantly higher (by ∼ 20% or a factor of ∼ 2) than
that of the fainter sample (Stark et al. 2011). Our find-
ing may present some hints of a different trend from
that suggested by Ono et al. (2012), where the Lyα frac-
tion for the faint ((a) −20.25 < MUV < −18.75) sam-
ple is consistently higher than that of the bright ((b)
−21.75 < MUV < −20.25) sample at z = 4− 7.
Finally, our upper limit may imply that the Lyα frac-
tion in the (c) very bright magnitudes at z = 7 is com-
parable to or lower than that in the (a) faint magnitude
range at the same redshifts.
6. DISCUSSION
6.1. Lyα Fraction
The results in the previous section could provide only
weak implications for the Lyα fraction of bright galaxies
due to the current large errors. Nevertheless, the trend
seen in the Lyα fraction may possibly imply the exis-
tence of physical mechanisms that cause the LBGs with
large luminosities to have an Lyα escape fraction similar
to or higher than that of fainter LBGs (MUV > −21.75).
For example, Bowler et al. (2014) discussed a possible
excess at the bright end of the UV LF at z = 7 by ex-
trapolation of the conventional Schechter function. The
similar excess of the Lyα LFs has also been studied by
Matthee et al. (2015). The excess in the very bright
galaxies would require consideration of some special
physical processes of galaxy formation, such as lack of an
efficient mass-quenching mechanism (Peng et al. 2010)
in this epoch. Bongiorno et al. (2016) implied that the
feedback from a central active galactic nucleus (AGN) of
galaxies, where star formation rate is suppressed by out-
flows from a luminous AGN, could be a mass-quenching
mechanism. If the AGN feedback is weak in the bright
galaxies at z = 7, destruction of the H ii regions as-
sociated with star formation would be reduced, which
supports higher luminosities of Lyα emission. At the
lower redshifts, where the AGN feedback is thought to
work more efficiently, star formation in bright galaxies
is more suppressed than in faint galaxies. The bright
galaxies would have higher metallicity in the gas, and
possibly more dust than in the counterparts in z ∼> 7;
hence, the Lyα emission would be less efficient at the
lower redshifts.
In addition, the outflow from a galaxy, if any, may help
an increase in the Lyα escape fraction, due to scattering
of the Lyα lines, e.g., Dijkstra et al. (2014b). Moreover,
the very bright LBGs may be located in massive dark
matter halos where the reionization progresses in an ear-
lier epoch. This trend may lead to a higher transmission
of the IGM than in less massive halos. Our result seems
to be consistent with this trend.
It is difficult to clearly interpret the observation that
the Lyα fraction in the very bright range at z = 4.5− 6
is still higher than that in the bright range at the same
redshifts. This could be in part accounted for by magnifi-
cation of the sample galaxies due to gravitational lensing
by their foreground galaxies (van der Burg et al. 2010),
although the result cannot be fully explained.
We note that the above discussion depends on the un-
certainty of measurements of the Lyα fraction at each
redshift. As the error bars for the very bright sample
galaxies at both lower redshifts reported by Stark et al.
(2010) and at z = 7 examined in this study are still
large, we cannot draw strong conclusions regarding the
trend based only on the existing data, and further spec-
troscopic samples are necessary to obtain more reliable
constraints.
6.2. Cosmic Neutral Hydrogen Fraction
Now that we have derived the Lyα fraction in the un-
precedentedly bright UV magnitude range, it is interest-
ing to derive a new constraint on the neutral H i fraction
(xHI) in the cosmic reionization epoch. The cumulative
probability distribution function (PDF) of Lyα EW0,
which is the probability of galaxies having a rest-frame
EW0 larger than a given value, has been used to discuss
the neutral H i fraction with faint spectroscopic sam-
ples of galaxies (−20.25 < MUV < −18.75) at z = 7 in
previous studies (Pentericci et al. 2011; Ono et al. 2012).
Ono et al. (2012) reported that the neutral H i frac-
tion may be 0.6 to 0.9 by comparing their EW-PDF
with the model of Dijkstra et al. (2011), which is con-
sistent with those suggested by Schenker et al. (2012)
and Pentericci et al. (2011). Caruana et al. (2014) ob-
tained xHI ∼ 0.5 at z = 7 with 22 relatively faint z-
dropout galaxies (−21.1 < MUV < −18.0), followed up
by FORS2 of the Keck Telescope. The slight difference
in resultant neutral H i fraction from that of Ono et al.
(2012) may have been due to difference in the magnitude
ranges studied.
Figure 7 shows the resultant EW-PDF of our new spec-
troscopic sample in the very bright UV magnitude range
(−23 < MUV < −21.75), compared with the results re-
ported in the literature at the same redshift z = 7. We
estimated the upper limit of EW-PDF at EW0 = 7.1 A˚
as follows. Of our seven spectroscopic sample galaxies
in the very bright magnitude range (i.e., without B14-
118717 and FH4-42903), the largest value of the obser-
vational upper limit of the EW0 was 7.1 A˚ (FH2-48620;
Table 3). Hence, we assume that the Lyα emission with
EW0 > 7.1 A˚, if any, would be detected in the seven spec-
troscopic data, but none of the seven sources shows such
an emission line. Therefore, the EW-PDF upper limit
was derived by dividing the 1-σ upper limit 1.84 by the
weighted total number of sample galaxies 7.94, to EW-
PDF(EW0 > 7.1 A˚)∼ 0.23 (filled square with downward
arrow). Here, we assume the non-detection of EW to 3-
σ significance based on the noise statistics averaged over
the studied wavelength range, which includes both areas
with and without OH emission. This assumption may be
slightly optimistic for this small EW range, as there is a
chance that possible lines, if any, would be located in the
relatively noisier OH emission bands. Nevertheless, the
essence of the following discussion is not changed by the
uncertainty.
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Although we assume z = 7 for all the sample galaxies
except z = 7.168 of B14-065666, our discussions in this
study would also not be changed by making use of zphot
in estimation of EW0. The typical difference in the upper
limits determined by z = 7 and zphot is sufficiently small
(∆EW ∼ 0.1 A˚).
We compare our data with the model prediction of
EW-PDF presented by Dijkstra et al. (2014a). Their
model was generated by computing PDF of a fraction of
Lyα photons transmitted through the IGM, combining
models of galactic shell-wind outflows with large-scale
semi-numeric simulations of reionization. They deter-
mined the reference model EW-PDF at z = 6 (xHI ∼ 0)
to coincide with the median Lyα fraction (EW0 > 75 A˚)
at z = 6 by Stark et al. (2010). The data point at
z ∼ 6 by Stark et al. (2010) in the very bright mag-
nitude bin at MUV = −22 (open circle) is also plot-
ted in Figure 7, which is still consistent with the ref-
erence EW-PDF within the error bars. We estimated
the EW-PDF models for the various neutral H i frac-
tions at z = 7 by rescaling the reference EW-PDF (see
caption of Figure 7). It is noted that the model of
Dijkstra et al. (2014a) was calculated for the UV mag-
nitude range −21.75 < MUV < −20.25, which is fainter
than that of our data, due to the dark matter halo mass
range considered in their calculation. Nevertheless, in-
clusion of more massive halos, which is naively inter-
preted as the inclusion of UV-brighter galaxies, should
produce little if any change in the result (Mark Dijk-
stra, private communication). Hence, we simply compare
their model with our data.
Our upper limit would not contradict the model curves
of xHI ∼> 0.7. Although this is a speculative comparison
due to the large error and the small sample size, our data
may possibly imply xHI around 0.7 to 0.9 with the as-
sumed escape fraction of ∼ 0.65. This xHI is consistent
with the report of Ono et al. (2012) in the fainter magni-
tude range. This result in the new very bright magnitude
range may give further support to the findings discussed
in previous studies that the reionization of the universe
progresses rapidly from z = 7 to = 6. We examined
the same comparison with the models at fainter magni-
tudes (−20.75 < MUV < −18.75) using the data points
in Ono et al. (2012), and found an inferred xHI of ∼< 0.7.
The combination of the results in the very bright and
faint magnitudes may favor xHI ∼ 0.7 on the assumption
of the escape fraction ∼ 0.65.
Based on our data together with the previous results
of Ono et al. (2012) and Stark et al. (2010) at the same
redshift, the possibility of lower xHI ∼ 0.2 cannot be ex-
cluded. As shown by the long-dashed curve (magenta),
evolution of the escape fraction of ionizing photons from
galaxies may contribute to the net change in EW-PDF.
The possible increase in escape fraction may significantly
reduce the Lyα fraction under the same IGM transmis-
sion, which would lower the xHI required to explain the
observed EW-PDF at z = 7.
Moreover, Dijkstra et al. (2014a) mentioned the effect
on their model of the possible existence of LBGs with
Lyα absorption (EW < 0) at high redshifts z > 6,
which was reported by Shapley et al. (2003) for z = 3
LBGs. They suggested that the EW-PDF model would
be shifted by ∆EW0 ∼ −25 A˚ by considering LBGs with
EW < 0. Such a shift may explain the Lyα fraction
(EW0 = 25 A˚, MUV < −20.25) at z = 8 of 0.07 − 0.08
presented by Treu et al. (2013). If this is the case at
z = 7 in this study, the possible xHI range would be fur-
ther decreased to 0.2 or lower. However, if we rescale
the z = 6 reference EW-PDF model to exactly match
the data point of Stark et al. (2010) (open circle), even
higher H i fractions than the xHI ∼ 0.7 would be fa-
vored. Together with the above discussion, the lack of
any strong Lyα, such as > 25 A˚, in our spectroscopic
sample may imply a hint of the unlikely very low xHI at
z = 7.
Thus, further investigations to gain a better under-
standing of the physical properties and evolution of
galaxies at high redshifts are necessary to provide strin-
gent constraints on xHI. In addition, the number of spec-
troscopic samples of galaxies is still limited, and therefore
future efforts to increase the size of the sample from low
to high luminosity ranges, for reliably determining the
Lyα fraction will be indispensable.
7. CONCLUSIONS
We conducted a search for UV-bright LBGs in two
legacy survey fields, UltraVISTA and UKIDSS-UDS,
which cover an area of 1.65 sq.degree (J = 25.3− 25.5).
Very deep imaging observations on the two survey fields
have been undertaken in the z′ band (z′ ∼ 26.5; 5σ, 2-
arcsec aperture) with Subaru/Suprime-Cam.
We performed selection of z = 7 candidates in the UDS
field from the multi-waveband catalogs (J = 25.5; 5σ)
with the updated z′-band data, based on the red color in
z′−J , combined with relatively mild to red color in J−K,
and dropout in all optical bands. In the UDS field, we
chose three candidates of possible UV-bright galaxies at
z = 7. The 19 candidate sources in the UltraVISTA field
and two sources in the UDS field at z > 6.5 presented by
Bowler et al. (2014) were combined with the three new
sources in the UDS field, yielding 24 targets in total. The
spectroscopic observations were obtained on nine sources
of the z = 7 candidates with Subaru/FOCAS. Only a
single source B14-065666 shows possible Lyα emission at
z = 7.168, while the other eight sources show no emis-
sion line features. By measurements of noise fluctuations
on the 2D spectra, the observational upper limits of the
3-σ upper limits of the Lyα fluxes and EW0 were esti-
mated based on these eight sources. The upper limits of
Lyα EW0 span 1.8 to 10.7 A˚ for these sources. The only
source showing a possible Lyα emission, B14-065666, has
an estimated EW0 of 3.7
+1.7
−1.1 A˚ with a UV magnitude of
−22.3. This result supports a tendency for UV-bright
galaxies to likely have small EW0 even at very bright
magnitudes (< −21.75).
The upper limits of Lyα EW at z = 7 were compared
with those of previous studies at z = 2−6. Our new data
provide clear upper limits to the EW0(Lyα) at z ∼ 7
in the very bright UV magnitude < −21.75, implying
that a considerable fraction of galaxies with very bright
magnitudes (< −21.75) have low EW at z ∼ 7.
Based on the upper limits of the Lyα EW, the 1-σ up-
per limits of Lyα fraction with thresholding EW0 = 50 A˚
(X50Lyα) at z = 7 was derived for the brightest magni-
tude range studied to date (−23.0 < MUV < −21.75).
While the Lyα fraction may support a rapid increase
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from z = 3.5 to z = 6 even in this bright magnitude
range, it may possibly imply leveling off, remaining at
the same level or below at z = 7. This result may support
the findings at fainter magnitudes reported by Ono et al.
(2012). Our data may also indicate a weak trend whereby
the Lyα fraction at −23 < MUV < −21.75 may be sim-
ilar to that of the fainter magnitudes at z > 5, possibly
up to z = 7. A slightly higher fraction cannot be ruled
out. With a large uncertainty, this result may witness
the earlier progression of reionization in more massive
dark matter halos, as well as a possible physical mech-
anism for providing a higher Lyα escape fraction in the
very UV-bright galaxies at redshift 7.
Finally, we discussed the Lyα EW-PDF derived from
the upper limits of the Lyα fraction at z = 7, to pro-
vide a new constraint on the neutral H i fraction (xHI).
Our resultant EW-PDF at EW0 = 7.1 A˚ at the very
bright magnitudes was combined with previous studies
at fainter magnitudes by Stark et al. (2010, 2011) and
Ono et al. (2012). We performed a speculative com-
parison of the observed EW-PDF with the model of
Dijkstra et al. (2014a). Although the constraint is not
strong given the large error bars, we derived the neu-
tral H i fraction of xHI = 0.7− 0.9 favored by our data,
leaving open the possibility of lower xHI depending on
evolution of the physical properties of galaxies, such as
the escape fraction. The same comparison with EW-PDF
for the fainter counterparts (−20.75 < MUV < −18.75)
may support xHI ∼< 0.7, which is consistent with or be-
low the value for the brighter galaxies. However, further
compilation of spectroscopic observations is necessary to
determine more reliable constraints on the Lyα fraction
and reionization at z ∼> 7 based on a firm understanding
of the evolution of galaxies.
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a ) UltraVISTA field
UVista4UVista3
UVista1 UVista2
UDS4UDS3
b ) UDS field
UDS2UDS1
Fig. 1.— The arrangement of the camera pointings with Suprime-Cam on the two survey fields. The left panel (a) shows the UltraVISTA
field image overlaid with four fiducial pointings of Suprime-Cam (cyan rectangles) labeled with each field name, while the right panel (b) is
the same but for the UDS field. The coordinates are shown in units of degrees. The base images are derived from a) the UltraVISTA-DR2
J-band image and b) the UDS-DR10 J-band image.
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Fig. 2.— Postage stamp images of the three new high-z candidate sources in the UDS field. For each source, the dumped images of the
source are shown in the Rc, i′, z′, J,H, and K bands from the left to the right side. The image size in each band is 10.7 arcsec on a side,
and white circle with a diameter of 5 arcsec is overplotted on the J band images to show the source position.
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Fig. 3.— Best-fit SEDs by the photometric redshift fitting. In each panel, the best-fit SED (solid line) determined by zphot fitting is
plotted with the 2-σ flux upper limits (arrows) in the optical bands and the fluxes in the near-infrared bands (filled circles with error bars),
with the basic parameters derived. The open circles represent the convolved model fluxes, which are compared with the observed fluxes.
The vertical axis shows the AB magnitude of the data points and the SEDs. Since the source 42903 has z′ magnitude (28.2) fainter than
the 2-σ flux limit, the upper limit has been plotted in the bottom panel, although the source is slightly visible in the z′-band image.
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Fig. 4.— Spectrum of the target source B14-065666 associated with possible Lyα emission in the gray scale. The top two panels show the
2D spectrum convolved by the Gaussian kernels with a σ = 1 pixel (first panel) and a σ = 3 pixel (second panel). The associated gray-scale
bar indicates the flux scale of the top panel, and darker pixels correspond to larger intensities in the spectra. The spatial coverage in the
vertical axis of both the spectra is 12 arcsec. The third panel shows the 1D spectrum around the wavelength range of the emission line, in
which the dotted line denotes the best-fit Gaussian to the line profile with the shaded regions overlaid on the wavelengths affected by the
OH night sky emission lines. The 1-σ error per wavelength estimated on the 2D spectrum is plotted in the bottom panel. All of the panels
are centered on the emission line at 9,932.7A˚ in the observer’s frame. The S/N of the whole line profile is 5.5.
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Fig. 5.— Relation between Lyα EW0 and UV magnitudes in different redshifts. The 4 panels (a)-(d) show EW0 of Lyα emitting galaxies
as a function of the absolute UV magnitude, in different redshift bins at z = 2−3, 3−4.55, 4.55−6.62 and 7. In panels (a)-(c) for z < 6.62,
the data points shown with filled circles and the lower limit represented by upward small arrows are taken from Cassata et al. (2011). The
sample is mainly based on serendipitous detection of Lyα lines in the VVDS survey (Le Fe`vre et al. 2013). In panel (c), the data points
by Cassata et al. (2011) are taken for the redshift range z = 4.55− 6.62, while the upper limits to EW0 in this study at z = 7 are shown
with large downward arrows (red), with the filled square (red) with error bars representing the measurement of Lyα emission line found
in the source B14-065666 at z = 7.168. The bottom left panel (d) shows the same data points in our study at z = 7 compared with those
taken from Ono et al. (2012) (filled triangles and small arrows). In each panel, the vertical dashed line represents the MUV = −21.75,
which refers to the brightest magnitude for studying the luminosity dependence of Lyα EW0 used in previous studies. Panel (e) compares
our candidate galaxies with the results on the LAE sample by a narrow-band survey covering a ∼ 0.25 sq.degree field (small squares with
error bars; Kashikawa et al. (2011)).
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Fig. 6.— Evolution of Lyα fractions of galaxies that have Lyα emission with EW0
∼
> 50 A˚ in the three magnitude ranges. From left
to right, the Lyα fractions of UV selected galaxies in various studies are shown over the redshifts z = 3 to 7 in different magnitude bins
of (a) faint (−20.25 < MUV < −18.75), (b) bright (−21.75 < MUV < −20.25), and (c) very bright (−23 < MUV < −21.75). In the
(a) faint and (b) bright magnitudes, we show the compilation of results from previous studies. The result (EW0
∼
> 55 A˚) in the (a) faint
magnitudes is derived from Ono et al. (2012): open squares, based on Fontana et al. (2010); Pentericci et al. (2011); Schenker et al. (2012);
Stark et al. (2011). In the (b) bright magnitudes, the data points are taken from the three studies, Ono et al. (2012): open squares,
Curtis-Lake et al. (2012): cross, and Cassata et al. (2015): open triangles, where the data by Ono et al. (2012) are composites of their own
data and those of Dow-Hygelund et al. (2007); Stanway et al. (2007); Fontana et al. (2010); Vanzella et al. (2011); Pentericci et al. (2011);
Stark et al. (2011); Schenker et al. (2012). The Lyα fractions by Ono et al. (2012) and Cassata et al. (2015) are derived from their results
for EW0 > 55 A˚. We obtain the data point for Curtis-Lake et al. (2012) at z = 6 − 6.5 using their complete sample of 11 galaxies at
−21.8 < MUV < −21.1 that showed Lyα EW0 > 50 A˚, with error bars estimated by simple Poisson uncertainty. In the right panel for the
(c) brightest magnitude range (−23 < MUV < −21.75), we plot the upper limit of the Lyα fraction (EW0 > 50 A˚) in this work at z = 7
determined with the seven galaxies (solid blue arrow), compared with those of Stark et al. (2010): filled circles. Our results are estimated
for the sources at −23 < MUV < −21.75, while those by Stark et al. (2010) at the lower redshifts of z = 3.5− 6 are derived from the same
magnitude range at MUV ∼ −22. The different thresholding EW of 50 or 55 A˚ among the studies is due to the difference in available data
in the literature. This small difference would not change the trends of the Lyα fraction in different magnitude ranges.
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Fig. 7.— The cumulative probability distribution function of EW0 (Lyα) (EW-PDF). The upper limit derived in this study is shown with
the red square symbol with downward arrow at EW0 = 7.1 A˚. Overplotted here are the data points from a combined result of Stark et al.
(2010, 2011) at EW0 = 30 A˚ for the magnitudes −20.5 < MUV < −19.5 which are derived from Dijkstra et al. (2011) (filled triangle),
and those by Ono et al. (2012) at EW0 = 25, 55 A˚ in the magnitude range −21.75 < MUV < −20.25 (filled circles). The model prediction
of the EW-PDF presented by Dijkstra et al. (2014a) is compared to the observational results. The solid curve located above a series of
curves is the reference model EW-PDF determined at z = 6 as an epoch after the cosmic reionization has almost completed (xHI ∼ 0). In
the reference model, the IGM transmission is estimate assuming a fixed escape fraction of ionizing photons (0.65), and shell wind velocity
of 25 km s−1 with H i column density of 1020cm−1. The data point at z ∼ 6 by Stark et al. (2010) (open circle) is compared, and is
consistent with reference EW-PDF within the error bars. We estimate the models of EW-PDFs for various neutral H i fractions at z = 7
(dashed curves; the seven models of ∆xHI = 0.17, 0.40, 0.51, 0.62, 0.74, 0.89, and 0.94) relative to that of the reference epoch z = 6. The
estimation is performed by rescaling the reference EW-PDF at z = 6 by the PDFs of the IGM transmission for the seven xHI provided
by Dijkstra et al. (2011, 2014a), on the assumption that all changes in the EW-PDF can be attributed to the change in xHI, with a fixed
escape fraction of ionizing photons. We also plot the dotted curves predicted with a different shell wind model (200 km s−1) only for the
two xHI = 0.17 and 0.94, suggesting only small differences between the two wind velocities across the xHI range studied. The long-dashed
curve (magenta) shows, for reference, the EW-PDF with the increased escape fraction by 0.1 with no change in the xHI, from z = 6 to 7.
18 Furusawa et al.
TABLE 1
Summary of z′-band Imaging Data
Field Name Total Exposure Limiting Magnitude (5σ, φ2′′) PSF FWHMa
(min) (mag) (arcsec)
UltraVISTA1 1173 26.63 0.76
UltraVISTA2 1096 26.46 0.84
UltraVISTA3 1123 26.47 0.70
UltraVISTA4 1250 26.75 0.82
UDS1 701 26.30 0.75
UDS2 970 26.57 0.81
UDS3 703 26.60 0.78
UDS4 928 26.58 0.81
a The FWHMs of PSF sizes in each image before geometric transformation.
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TABLE 2
Summary of New z = 7 Candidate Objects in the UDS Field
Object RA(J2000) Dec(J2000) B V Rc i′ z′ J H K
FH2-22303 02:16:25.092 −04:57:38.50 >28.7a,b >28.2 >28.0 >28.0 >27.6 24.3± 0.1 24.2± 0.1 24.4± 0.1
FH2-48620 02:17:39.083 −04:42:48.71 >28.8 >28.1 >28.2 >28.1 >27.6 25.4± 0.2 25.6± 0.3 25.5± 0.2
FH4-42903 02:17:26.306 −05:10:16.27 >28.5 >28.2 >28.0 >28.1 >27.6 25.3± 0.2 25.4± 0.2 25.4± 0.2
a The listed magnitudes are measured within 2-arcsec apertures.
b The upper limits in the optical bands are the 2-σ limiting magnitudes, which are derived from the public SXDS data (Furusawa et al.
2008) for the B, V,Rc, i
′ bands, and converted from Table 1 for the z′ band.
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TABLE 3
Summary of Spectroscopic Sample of Galaxies
Object Total Exposure Flux Limit (3σ) LLyα Limit (3σ) MUV EW
Lyα
0 Limit (3σ)
(s) (erg s−1 cm−2) (erg s−1) (mag) (A˚)
B14-169850 4800 6.9× 10−18 3.9× 1042 −22.4± 0.1 4.7
B14-065666 14400 (4.4 ± 0.8)× 10−18a (2.6 ± 0.5)× 1042a −22.3± 0.2 3.7+1.7
−1.1
b
B14-304416 7200 4.9× 10−18 2.8× 1042 −22.7± 0.1 2.6
B14-238225 6000 6.0× 10−18 3.4× 1042 −21.9± 0.2 6.5
B14-035314 7200 4.0× 10−18 2.3× 1042 −21.8± 0.2 4.7
B14-118717 6740 4.9× 10−18 2.8× 1042 −21.6± 0.2 7.1
FH2-22303 19200 3.1× 10−18 1.8× 1042 −22.6± 0.1 1.8
FH2-48620 4800 5.6× 10−18 3.2× 1042 −21.8± 0.2 7.1
FH4-42903 7200 4.8× 10−18 2.7× 1042 −21.2± 0.2 10.7
a Measured values of the line flux rather than the upper limits. The flux error is estimated by a fluctuation of sky
background counts for the wavelength range of the 2D spectra where the line profile is located.
b EW0 is estimated for a measured flux on the possible emission line at z = 7.168.
